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ABSTRACT

This review briefly summarizes the recent development in fibre diffraction refinement of flexible filamentous systems using long-
range normal modes as adjustable parameters. Among all the long-range modes, the low-frequency bending modes were found to
contribute the most to the improvement of the refinement. The use of several low-frequency modes in the refinement decreased
significantly both R- and Rfree -factors, demonstrating the advantage of this procedure in achieving a good refinement without the
risk of over-fitting. Moreover, the study provided strong evidence that substantial errors in conventional refinements are due to
long-range deformations, especially the bending, of the filaments. These intrinsic deformations must be properly accounted for in
order to improve the refinement efficiency. 

Fibre diffraction is widely employed for studying structures of
biologically important filamentous systems (Stubbs, 1999)
ranging from simple polypeptides to cytoskeletal filaments and
filamentous viruses. In fibre diffraction experiments, the fibre
specimens are aligned axially, but not azimuthally, and
diffraction patterns are cylindrically averaged, which leads to
the characteristic layer lines. Because of this averaging, the
number of independent diffractions of fibres is significantly
smaller than that from crystals. One usually does not have
sufficient data to refine the Cartesian coordinates of each atom
in the fibres. This feature imposes a severe challenge in
choosing proper refinement parameters (Wang and Stubbs,
1993).

In the conventional fibre diffraction refinement procedures,
fibres are assumed to be perfect straight helices. In reality,
however, fibres are flexible and undergo all sorts of static and
dynamic disordering that contribute to the modulation of
diffraction patterns. Such disordering should be taken into
account in refinement in order to obtain more accurate models.

In recent studies (Ming et al. 2003a; Ming et al. 2003b),
collective long-range deformations of a filament, such as
bending, twisting and stretching, were effectively modeled by
long-range normal modes of the filament. Following that, a
small set of low-frequency modes was used as adjustable
parameters to refine the model of F-actin (Wu and Ma 2004), a
system known to be highly flexible and dynamic (Egelman
2001; Egelman et al. 1982; Egelman and Orlova 1995; Galkin
et al. 2002; Huxley et al. 1994; Kojima et al. 1994; Orlova et
al. 2001; Wakabayashi et al. 1994). As an approximation,
deformations were assumed to occur within the periodic repeat,
the helical unit cell, of the F-actin filaments. The straight rigid
filament model used in conventional refinement procedures
was thereby substituted by wave-like conformations described
by normal modes. 

With the new refinement procedure, it was demonstrated that
the long-range deformations of the filaments, especially the
bending, are the dominant sources of refinement errors. By
taking into account such deformations in the refinement, with
only 7~9 low-frequency normal modes as adjustable
parameters, it was possible to lower both R- and Rfree-factors by
~2%. Therefore, the long-range filament deformations of fibres
indeed need to be properly accounted for in order to improve
the refinement. 

Structural Models of F-actin 

The various states of the monomeric G-actin subunit have been
visualized by X-ray crystallography (Kabsch et al. 1990;
McLaughlin et al. 1993; Otterbein et al. 2001; Robinson et al.
1999; Schutt et al. 1993). The polymeric F-actin filaments have
several models. The standard Holmes model (Holmes et al.
1990) was established by combining fibre diffraction data and
the X-ray structure of G-actin subunit (Kabsch et al. 1990). In
this model, F-actin filaments have two right-handed long-pitch
helical strands with a rise of 27.5 Å and a rotation angle of -
166.15° per monomer. There are 13 subunits in the minimum
repeat of the double-stranded helix (the 13-subunit repeat) with
a length of 37.5 nm. A second model (Tirion et al. 1995) was
refined on the basis of the standard Holmes model, with the
deformations of the G-actin subunits modeled by normal
modes. Although a reduced number of refinement parameters
were used by employing normal modes calculated on a single
G-actin sub-unit, no effects of long-range filament
deformations were considered. Another model of F-actin
(Lorenz et al. 1993) was obtained using directed mutation
algorithm. However, too many parameters were used in the
refinement, which has a potential problem of over-fitting
(Tirion et al. 1995). A new model was provided by Kenneth C.
Holmes (unpublished results, personal communication). In this
model, each subunit was refined as five rigid bodies, the four G-
actin domains and a heptapeptide phalloidin. The R-factor of
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this model is 8.7% and it was used as the starting model for the
new normal-mode-based refinement (Wu and Ma, 2004).

Normal-mode-based Refinement Procedure

In the new refinement procedure, in order to study the effects 
of long-range deformations on refinement, the four-domains of
G-actin were treated as rigid-bodies. Various assemblies of G-
actin subunits were used as helical unit cells in the refinement
against fibre diffraction data (Holmes et al. 1990). Within each
unit cell, no helical symmetry was considered so that there was
only one asymmetric unit in each unit cell and all atoms were
treated as unique. The approximate assumption was that F-actin
filaments deform in the unit of the helical unit cells. This
assumption would result in additional layer lines generated in
the calculations.

The low-frequency normal modes of the helical unit cells were
determined using Cα-based normal mode analysis, the
anisotropic network model (ANM) (Atilgan et al. 2001) and the
substructure synthesis method (SSM) (Ming et al. 2003b). 
The eigenvectors of normal modes describe the Cα-based
trajectories of molecular deformations. The coordinates for all
atoms in the unit cell along the deformational trajectories were
generated by superimposing the four domains of G-actin
subunit, as rigid-bodies, onto the Cα-trajectories along the
eigenvectors of normal modes. This assumption of the domains
as rigid bodies is reasonable, given that only the low-frequency
modes were chosen to describe the long-range collective
deformations of the filament in the refinement. Additionally,
inter-domain constrains suggested by Holmes in his recent
work (unpublished results, personal communication) are also
applied (Wu and Ma 2004) to maintain constant distances
between two neighboring Cα-atoms located at the boundary of
different domains. 

Refinement Using Individual Low-frequency
Modes of A 13-subunit Repeat

The minimum 13-subunit repeat of F-actin was first used as a
helical unit cell for the refinement. The low-frequency normal
modes of the repeat were calculated (Atilgan et al. 2001) and

individually employed as adjustable parameters to refine the
model. Results in Figure 1 clearly showed that the refinement
was improved to various degrees for all the first 20 lowest-
frequency modes plotted (the ceiling of the figure is the R-
factor of the starting model, 8.7%). The smallest R-factor
(7.4%) was achieved by each of the two very lowest-frequency
modes (the 1st and 2nd vibrational modes after excluding the
first six zero modes) that are two perpendicular bending modes.
In the first 11 lowest-frequency modes, all modes are various
types of bending modes, with the exception of the 3rd and 6th

modes (twisting) and the 9th mode (stretching). All these
bending modes reduced the R-factor to a larger degree
(0.4~1.3%) than non-bending ones (0.2~0.3%). The decrease of
R-factor caused by the bending modes becomes progressively
smaller as the frequency (or modal index) increases. These
results clearly suggest that bending modes of F-actin filament,
especially the very low-frequency ones, have large impacts on
the structure refinement. 

Refinement Using Individual Low-frequency
Bending Modes of Longer Repeats 

To investigate the effects of deformations with longer-
wavelength, the refinements were further carried out using
helical unit cells of longer than 13-subunits. For longer F-actin
repeats, the low-frequency normal modes were generated by

Figure 1. Refinement results using each of the first 20 lowest-
frequency modes with 13-subunits as a helical unit cell. The ceiling
of the figure is the value of R-factor (8.7%) of the starting model
of the normal-mode-based refinement (Wu and Ma, 2004).

Figure 2. Refinement results using individual bending modes
with different lengths of repeating units as helical unit cells. For
illustrative purpose, the figure was drawn to align the modes ac-
cording to their wavelengths. The intervals of the X-axis were
expressed as multiples of a single 13-subunit repeat. To make the
points in figure spread evenly, all intervals were arranged along
the X-axis evenly (rather than based on the numerical values of the
actual multiples). The modes were marked according to their half
wavelengths by approximately assuming the shapes of waves are
trigonometric, i.e. those of standing waves. The numerical
numbers following the letters at each point were inverted to the
types of bending waves in terms of their wavelengths. For example,
the 1st type of bending mode of the 13-subunit repeat had a
multiple of 1 and was labeled as a1 and the 2nd type of bending
mode had a multiple of 1/2 and was labeled as a2, and so on. All
the modes for longer repeating units were aligned correspondingly.
For clarity, only one of the two degenerate modes was used in each
type of wave. 
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Figure 3. Refinement results using multiple low-frequency normal
modes as adjustable parameters with various lengths of repeats as
helical unit cells.

SSM (Ming et al. 2003b) based on the modes calculated for a
13-subunit repeat (Ming et al. 2003a). 

Fig.2 shows the results of refinement by individual bending
modes at different lengths of repeats. The X-axis was calibrated
to the multiples of the length of a 13-subunit repeat. The curves
were aligned according to their approximate half wavelengths
that were approximately defined by comparing the shape with
that of a standing wave (for the shapes of the first four types of
bending modes for standing waves and free vibrations with
equal wavelengths, see Fig.3 in reference (Wu and Ma, 2004)).
It was noted that there was a specific point at which all the
curves converged to a minimum of R-factor. The wavelength of
that point corresponds to modes with a half wavelength of the
length of a 26-subunit repeat (the 1st type of bending mode of a
26-subunit repeat, the 2nd type of bending mode of a 52-subunit
repeat, and the 4th type of bending mode of a 104-subunit
repeat).

Refinement Using Multiple Modes 

The effects of multiple modes on the refinement were also
examined because an increased number of degrees of freedom,
represented by multiple modes, were expected to better
describe the deformations of the filament.

As shown in Fig.3, the use of multiple low-frequency modes
indeed further decreased the R-factor. For example, the
inclusion of 9 lowest-frequency modes of a 13-subunit repeat in
the refinement resulted in an R-factor of 7.0%. More
importantly, the Rfree-factor was decreased to a similar degree
(see Table 1 in reference Wu and Ma, 2004), indicating a real
improvement of the refinement. The trends of changes in
R-factor were similar for larger helical unit cells (26-subunit
and 52-subunit repeats). The lowest value of R-factor was 6.3%
for the 52-subunits using 7~9 lowest-frequency modes. 

The Refined Structures

The long-range normal-mode refinement procedure improves
the fit between the model and the diffraction data mainly by a
more realistic modelling of the long-range deformations. Lo-cal
structural adjustments in individual subunits and domains are
relatively small (see Fig.5 in reference Wu and Ma, 2004). This
is illustrated in Fig.4 in which the G-actin subunit in the
standard Holmes model is superimposed with the G-actin
structure refined using a 52-subunit as a helical unit cell by
employing 7~9 lowest-frequency modes (with R-factor of
6.3%). The refined G-actin structure is very similar to the new
Holmes model that was used as a starting model of this study,
with an average root-mean-square (rms) deviation of 0.1~0.2 Å.

Summary

This review briefly summarizes the results of a recent study
(Wu and Ma, 2004) on the refinement of the F-actin model
against fibre diffraction data using long-range normal modes as
adjustable parameters to account for the collective filament
deformations. In the refinement, each of the four domains of a
G-actin subunit was treated as rigid-body in order to separate
the contributions of long-range deformations from those of
local structural deformations. Among all the low-frequency
long-range modes, bending modes were found to contribute the
most to the improvement of the refinement. Moreover, the
largest decrease of both R- and Rfree- factors was achieved by
using multiple low-frequency modes. The results clearly
demonstrated the advantage of normal-modes-based refinement
in using a small number of adjustable parameters to achieve a
good fitting efficiency, which helps avoid the risk of the over-
fitting problem. More importantly, the results provided strong
evidence that, for fibre diffraction refinement of flexible
systems, substantial errors arise from the ignorance of long-
range deformations, especially bending, of the filaments.
Therefore, the effects of these deformations must be included in
the refinement for flexible systems. 

Figure 4. The superposition of the G-actin subunit in the standard
Holmes model (blue) with the G-actin structure refined using a 52-
subunit as a helical unit cell by employing 7~9 lowest-frequency
normal modes (red). The refined G-actin structure is very similar
to the new Holmes model that was used as a starting model of this
study, with an average rms deviation of 0.1~0.2 Å. The starting
model is omitted in the figure for illustration clarity.
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In the current normal-mode-based refinement procedure (Wu
and Ma, 2004), the contributions from slightly higher-
frequency modes with wavelengths similar to the physical sizes
of the domains were eliminated due to the use of rigid body for
each of the four domains of the G-actin subunit. It is expected
to further improve the refinement once such a restriction is
lifted to allow local structures to adjust within each individual
domain. Another important aspect of the new refinement
procedure is that there is only one asymmetric unit in each unit
cell in which all atoms were regarded unique and participated in
the calculations. This treatment will be especially useful in the
later stage of fibre diffraction refinement, when it is possible to
determine long-range normal modes from a model refined using
conventional methods. However, it needs to be emphasized
that, as the size of unit cell used in normal-mode-based
refinement increases, the computational cost quickly increases,
which may affect the application of the method to systems with
very large unit cells. Future development should be devoted to
resolve this issue.  
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